Abstract-Many novel physical assistance devices are beginning to incorporate intelligent robotic systems and mechatronic components. In terms of a human-centered design it is crucial to assess the perceived subjective usability and acceptance of these systems. A questionnaire was thus designed to evaluate novel physically assisting devices in order to support developers in their design decisions as well as users during individualizing of their assistive devices. Two studies (n1 = 9, n2 = 21), using two different devices, were conducted to analyze objectivity, reliability, and validity. The results show an overall high internal consistency (Cronbach's α > 0.8), which indicates reliability and applicability of the QUEAD. Criterion validity was tested applying correlations with established objective measures for efficiency (time to task completion), effectivity (errors and collisions), and commitment (mean force). Construct validity was applied using a proposed model and correlations to verify convergence. The results show that the QUEAD is able to assess perceived usability and acceptance.
I. INTRODUCTION
Human-Robot Interaction applications are being developed with great effort nowadays. They are seen as one of the most promising technologies for our future work and every-day life, to face present industrial and social issues like optimization, individualization, and decreasing physical and cognitive capabilities in the course of a demographic change. This paper focusses on physical Human-Robot Interaction (pHRI) [1] . It is defined as the interaction of human and robot in a shared space, at the same time, with a common goal, and physical contact [2] , [3] . A complementary haptic interaction (e.g. power assist, inertia masking, and virtual guidance [4] ) between humans and a physical assistive device in a shared control approach [5] provides the basis to overcome physical weaknesses and simultaneously use the human high fidelity sensory system. An increasing diverse population requires adaptive and adaptable solutions to ensure acceptance and usability of these new systems. The goals of physical assistive devices are health preserving and rehabilitating capabilities to ensure a self-paced life and improvement of quality of life in mastering everyday situations. Individual preferences and behavior have to be taken into account especially for systems in daily living situations that involve non-experts and are far heterogeneous than controlled areas like industry, rehabilitation, and surgery. According to the question "What do people expect from robots?" presented by [6] , the largest part of the consulted sample (n = 240) would like to have "Help for household tasks" (20 %) and "Help for old and handicapped people" (19 %). Also high ratings were given for "Global help", "Free time", "Make life easier", "Daily help", and "Comfort and well-being". In terms of functionality, 64 % (rank 5 of 32) answered they would like the robot to "move heavy things", which encouraged us further to investigate physical assistive devices for everyday use. These results are in line with findings of [7] , [8] that people are globally positive towards the idea of "domestic machines" and assistants.
A lot of user studies in the field of pHRI do not use a standardized way of evaluating the subjective opinion of the users. To the authors' best knowledge, this is a fact because no such subjective measurement for benchmarking pHRI has been published. Apart from possible erroneous results and conclusions, there is often no way to holistically explain outcomes and conduct further cross-research comparison. The main contribution of this paper is the development of a new questionnaire that aims to evaluate subjective measures (in terms of usability and acceptance) to support the design process and individualization of novel pHRI systems in a compact and easy way.
We start by presenting the basic ideas for the development of the questionnaire in II. In III, the first user study is presented that involves an assistive robot operation for rehabilitation. The results from this study are used to develop a reformed questionnaire that is evaluated in a human-robot collaborative operation in IV and discussed in V.
II. CONCEPTUAL BASIS
This article is based on the Technology Acceptance Model (TAM, [9] ), the expanded upgrade called Unified Theory of Acceptance and Use of Technology (UTAUT, [10] ), and combined with the concept of usability for human-system interaction [11] . The TAM is an information systems theory that tries to model how human users get to accept and use new technology. As the TAM suggests and also shown in [12] two specific sights, namely perceived usefulness (PU) and perceived ease of use (PEU) are in particular relevant for behavioral intention of use and acceptance of new technology [9] . We incorporated these two factors by applying a deductive (theorydriven) procedure. Robots today are precise, fast, and strong and that's what humans, as operators, actually expect. Hence, these capabilities should be addressed in the questionnaire. The next generation of collaborative robots have to be intelligent, adaptive, and compliant. To accomplish this, we propose not only to look at objective data, but also take the human's subjective opinions into account [2] . In terms of human-centered evaluation and physical assistance, it has to be considered that humans are liable to the speed-accuracy trade-off [13] . People can be either very fast, but imprecise or very precise, but slow. Hence, both perceived efficiency (being fast) and perceived effectivity (being precise), should be an essential part of the questionnaire. Usability is defined as the "extent to which a system, product or service can be used by specified users to achieve specified goals with effectiveness, efficiency, and satisfaction in a specified context of use" [11] . The standard [11] defines effectiveness as accuracy, completeness, and lack of negative consequences, efficiency as the relationship between achieved result and used resources, and satisfaction as positive attitudes (beliefs and opinions), emotions (feelings when interacting), and/or comfort (or discomfort, associated with the physical experience). Additionally as [6] , [14] point out, people's assumptions about robots influence their attitudes and emotions towards robots. Hence, we decided to implement items incorporating assumptions and measure them in terms of attitude (A) and emotion (E). Fig. 1 depicts the model used to design a questionnaire measuring subjective perceived usability and acceptance of physical assistive devices. Based on existing questionnaires for effectiveness and efficiency (Isonorm 9241/10, Isometrics, System Usability Scale), attitudes (AttrakDiff), emotions (PANAS), discomfort (CP50 scale, Borg rating of perceived exertion scale RPE), and satisfaction (Quebec User Evaluation of Satisfaction QUEST) a questionnaire for the evaluation of physical assistive devices (QUEAD) was designed and tested in two separate experiments on reliability and validity.
III. STUDY I -ASSISTIVE ROBOT (REHABILITATION)

A. Initial questionnaire
The main idea of the questionnaire is to have a tool at hand to measure subjective (perceived) usability and acceptance of novel physical assistance applications. In an iterative design with experts in the field of haptic Human-Robot Collaboration, control systems engineering, robotics, psychology, and human factors, items were designed for each scale of the QUEAD model. After combining and categorizing the items, the first version consisted of the five scales: Perceived Usefulness (PU), Perceived Ease of Use (PEU), Comfort (C), Attitude (A), and Emotions (E) with in total 26 items (Table I) . We decided to use a seven-point Likert scale to max out information availability, without overexciting the participants' discrimination ability (Table II) .
B. Method
Objectivity, reliability, and validity have to be tested to verify if the questionnaire is applicable and informative. Objectivity is verified since the questionnaire is filled out by the participant after each trial without help or close instruction of the experimenter. Indeed, the items were designed to be selfexplanatory. Questions could be asked though, if misunderstandings or ambiguities were present. Reliability was tested using Cronbach's α for each scale (PU, PEU, C, A, E) and item. Correlations between items within a scale were used to verify for internal consistency. Test-retest reliability was applied using correlations between scales for different experimental settings. Validity was analyzed using criterion validity (relationship with an empirical criterion). We chose the time to task completion (TTC for efficiency) and compiled errors (ERROR for effectivity) as empirical criteria which are described in the following.
1) Sample
Nine participants (2 f, 7 m) took part in the preliminary study within an age-range from 23 to 27 years (M = 24.4; SD = 1.17). The sample consisted of seven right-handed and two left-handed persons.
2) Experimental Design and Procedure
Robotic assistive devices enhance the autonomy of individuals living with physical disabilities in their day-to-day life. One challenge in the control of such assistive robots is the management of the end-effector orientation which is not always intuitive for the human operator. Indeed, the majority of cooperative robots such as KINOVA's JACO [15] use an orientation control that was derived from industrial applications (referred to as CLASSIC). This orientation system is based on velocity commands that rotate the hand of the robot around the tool frame. This work aims at making the control of the robot's orientation easier and more intuitive for the user, in particular, individuals living with upper limb disabilities. The paper [16] thus presents a novel orientation control algorithm based on the definition of a new adaptive reference frame and designed for robotic arms in the context of human-robot interaction (referred to as NEW). The participants used a joystick to manipulate a rectangular card held by the robot's end-effector. Three differently oriented targets had to be approached and matched. In a within-subject design, each control algorithm (NEW and CLASSIC) was tested. Time to task completion (TTC) as well as compiled error points (ERROR) were used to assess taskbased performance. The latter were counted when the user performed a wrong joystick command to perform a given desired rotation. Table III summarizes the results for Cronbach's α for each scale. Especially in the NEW condition all scales (with exception of comfort) show values of α > 0.9, which indicate very high reliability of each scale. The scales for satisfaction (emotion, attitude, and comfort) in the CLAS condition showed α > 0.6, which is still questionable. In the following, items within the scales are analyzed using Cronbach's α and withinscale correlations, to decide on their relevance, impact, and reliability. This was done to find a shorter version of the questionnaire without losing information and retaining the original QUEAD model. It appears that the participants had problems to distinguish between the wording "efficiently" of Hence, no information is lost by removing PEU2. PEU5 can be left out and reliability will increase (NEW: to α = 0.963, CLAS: to α = 0.947). PEU6 can be left out and reliability will increase (NEW: to α = 0.989, CLAS: to α = 0.935). PEU7 was probably too close to PEU1, which can be identified by the very strong correlation (NEW: r = 0.962, p < 0.001, CLAS: r = 0.873, p = 0.002). Hence, no new information is provided by either PEU1 or PEU7. Since the word "intuitive" is (sometimes) discussed controversially, it was decided to use PEU1. As Table III shows, the condition CLAS showed less reliability than the NEW condition. The item E3 correlates with E1 (NEW: r = -0.663, p = 0.025), E2 (NEW: r = -0.712, p = 0.016), and E5 (NEW: r = -0.632, p = 0.034), but only in the NEW condition. If the item is dropped, reliability in the NEW condition stays constant, but increases in the CLAS condition to α = 0.638. In addition, E4 correlates very strongly with E5 (NEW: r = -0.928, p < 0.001) and has less effect on reliability. Therefore, it will be left out in the revised version. The question A2 will be left out, because of the very strong correlation with A1 (NEW: r = 0.790, p = 0.006, CLAS: r = 0.914, p < 0.001) and the ambiguous word "collaborate". C3 will be left out, because in the NEW condition there was no variance in the answers (no pain was induced) and in the CLAS condition a very strong correlation with C1 (r = 0.867, p = 0.006) was present.
C. Reliablity and item-rest correlation
D. Validity
Two-sided paired sample t-tests with Bonferroni-Holm correction for differences between the two control modes NEW and CLAS in terms of TTC and ERROR revealed significant differences (see Table IV ). Hence, we expected to find differences in terms of subjective answers using the QUEAD as well. We assume that due to the small sample size no significant difference between the QUEAD overall score for QUEADNEW 
E. Conclusion
In average the QUEAD 1.0 shows reliable results (αmean = 0.80) over both conditions and all scales. In comparison an acceptable reliability using the NEW condition (αmean_NEW = 0.86) and CLAS condition (αmean_CLAS = 0.74) is present. Reliability and validity should be increased by the aforementioned improvements regarding single item removals. In addition to the results of the reliability analysis, it has to be mentioned that the QUEAD 1.0 took around 3-4 minutes to fill out. Especially for experiments with short but many trials, this can be an impediment. An improved version, called QUEAD 2.0, was thus designed and used in a second experiment.
IV. STUDY II -COLLABORATIVE OPERATION
A. Re-design of the questionnaire
Based on the results of Study I, a second version of the questionnaire, the QUEAD 2.0, was designed. It also consisted of the five scales PU, PEU, C, A, and E, but shortened to 16 items instead of 26 (Table V) .
B. Method
The method is comparable to Study I. Objectivity was given, since the participants filled out the QUEAD after each trial, without interference of the experimenter. Reliability was again checked using Cronbach's α. Validity was analyzed using criterion validity and construct validity. Empirical criteria were time to task completion (TTC for efficiency), crossing walls of the maze depicted in Fig. 3 (collisions for effectivity) , and mean applied force (Fmean for effort). For construct validity convergence of the scales within the QUEAD model were analyzed using correlations.
C. Sample
A total of 21 (5 f, 16 m) participants took part in the second study. Their average age was M = 26.3 years (SD = 8.70) with a range from 19 to 50 years. Expertise of the sample was checked using a seven-point scale from 1 (novice, never used a robot)-7 (expert, everyday using robots) and resulted in a mean of M = 3.2 (SD = 1.6). This shows that the sample tends to consist of more novices than experts. No one reported to be an expert, but five participants mentioned that they had never used a robot before.
D. Experimental Design and Procedure
In the second experiment, a KUKA LBR was used, equipped with a force-torque sensor and a handle (Fig. 3) . The participants had to solve a maze by guiding a red dot, that was projected by a laser pointer mounted at the end-effector of the robot, below the handle. The participants had to move from left to right through a hard part with narrow corridors and get back to the start by using the wide open space above the maze. In this way a slow-precise and fast-imprecise movement was induced. Within one trial, each participant had to solve the maze and get back to the start five times in a row. Time to task completion (TTC), collisions with the maze's walls (COL), and mean interaction force (Fmean) were measured. Each participant used three different control modes: accepted (A), linear (L), and constant (C). Each mode was used two times and in randomized order, which results in a total of six trials per participant.
E. Reliability
Reliability was again checked using Cronbach's α for internal consistency. For this analysis, the two repetitions of each control mode were averaged, resulting in three conditions A, L, and C (Table VI) . Reliability of the five scales PU, PEU, E, A, and C are all in the region of good (α > 0.8) and excellent (α > 0.9), which clearly shows the improvements made after Study I and realized in the redesigned version. Applying the Split-Half method (items within a scale) and using the Spearman-Brown coefficient confirms the results of the internal consistency (Table VII) . Test-retest reliability using correlations between first and second encounter of each control condition was applied for each scale (Table VII) . It shows high reliability for all three objective measures, but lacks of reliability especially for the scale emotion (E), attitude (A), and comfort (C) in the accepted and linear condition. This shows the influence of a longitudinal study, especially in terms of adaption and learning effects. The participants were significantly faster (TTC: p < 0.001, η² = 0.51, ω² = 0.47) and applied significantly higher forces (Fmean: p < 0.001, η² = 0.51, ω² = 0.47) in the second encounter of each control mode. Hence, the subjective answers changed in course of the experiment.
F. Validity
Table VIII summarizes the correlations of the QUEAD scales with objective measurements in terms of criterion validity. Cook's distance was used to identify influential data points. All points higher than three-times the mean Cook's distance were eliminated. Hence, three participants were excluded from this analysis. As shown, correlations are low and only in few cases significant. However, comparing TTC with Fmean reveals a significant negative correlation (rmin = -0.8, p < 0.001). This indicates that participants that were faster also applied higher forces. This change in relationship can be seen in the subjective data of the QUEAD, too. Since, correlations between the QUEAD scales and TTC show the expected negative correlation, a largely positive share is present in the correlations with Fmean. This fact helps to confirm the validity of the QUEAD. In addition, the effectivity measure COL reveals acceptable correlation with the scales PU, PEU, E, and A. Still, the limitation that only few correlations are significant has to be taken into account. Besides the correlation of subjective answers and objective results, construct validity was tested, to ensure that the QUEAD is actually measuring the subjective perceived outcome of using physically assisting devices (see Fig. 1 ). Since the scales were designed in a way that they point in the same direction (as long as the reversed items are considered), they were analyzed according to convergence. Table IX summarizes the results. The scales of the QUEAD strongly correlate (r ~ 0.7-0.8, p < 0.001), which strengthen the assumption that convergence is present. One exception is seen in the scale "comfort" that only reaches mediocre correlations in the conditions A and C with the scale A and PEU. This does not have to be a restriction for the QUEAD, rather a different facet.
V. DISCUSSION
Overall objectivity, reliability, and validity can be accepted for the QUEAD. After Study I, the questionnaire was shortened considerably without loss of information and even leading to increase its reliability. Besides that, faster completion by the user with a reduced possibility of frustration in case of multiple evaluations is achieved. Study II also revealed reasonable reliability of each scale for internal consistency as well as using the Split-Half method. The test-retest reliability requires stability of the measured feature, which is not given in this study. Psychological properties are changing over time, which can clearly be seen in the significant difference of TTC and Fmean in course of the experiment. The sample was significantly faster and applied higher forces the second time they used each control mode. Still, it has to be taken into account that if several conditions are tested within one experiment, subjective answers will differ, just because of the longitudinal characteristic of the experiment. Humans are consistently learning out of and adapting to new conditions, as well as they can and will get bored or fatigued. This also leads to the assumption to ask participants to fill out the QUEAD after experiencing a single condition. In contrast to this approach, asking the participants after experiencing two or more conditions and ask for comparison, lacks of objectivity and is prone to bias and the aforementioned adaption and fatiguing aspects. The analysis show that the questionnaire is more sensitive regarding the objective effectivity measure COL (M = 177, SD = 120). We assume that participants actively were able to perceive a misuse, when they touched or crossed the walls of the maze with the laser projected point. In contrast, it is more difficult for humans to estimate temporal distances (M = 80.55 s, SD = 27.38 s), especially when unknown scenarios are passed. While analyzing the QUEAD's results a very conspicuous point was revealed. The participants in Study II almost entirely chose values between 4 ("neither agree nor disagree") and 7 ("entirely agree"). Hence, a left-skewed distribution in answers is present, which arises the questions whether the participants used and understood the questionnaire's response possibilities in the right way or all three tested control modes were above medium quality. Still, the participants overrated or overestimated their skills, which for some extent shows the lack of an appropriate anchor at the beginning of the experiment. The aforementioned speed-accuracy trade-off was clearly visible in Study II (negative correlation between TTC and COL), but did not result in a measurable subjective experience. PU3 (perceived duration) and PU4 (perceived accuracy) are correlating positively, which matches the overestimation of own performance.
VI. CONCLUSION AND FUTURE WORK
A questionnaire was designed and validated to evaluate novel physically collaborating robots, exoskeletons, orthoses, prosthesis, or any other physically assisting devices.
Objectivity, reliability, and validity for the perceived subjective outcome could be demonstrated. Still, further experiments have to show the applicability and validity of the questionnaire and we encourage designers and developers of novel physically assisting devices to use and analyze the QUEAD. We also would like refer to an electronic version of the questionnaire and a manual, how to use the QUEAD and ensure the intended purpose, which will be available online.
The QUEAD is intended to compare between at least two control modes or two assistance devices. Further analyses would have to be developed in order to make a single evaluation possible and compare the QUEAD to established questionnaires like the SUS and AttrakDiff. 
